Context: Quadriceps function is a significant contributor to knee joint health that is influenced by central and peripheral factors, especially after anterior cruciate ligament reconstruction (ACLR).
A fter anterior cruciate ligament (ACL) injury, physically active individuals most commonly seek ACL reconstruction (ACLR) with the goal of restoring knee joint stability, improving lower extremity function, and facilitating a return to a physically active lifestyle. 24 However, recuperation from ACLR requires extensive rehabilitation and results in significant time loss from activity. 24 Quadriceps function is consistently identified as an important aspect of recovery for individuals after ACLR because of its primary role in knee stability and association with many short-term, 15, 28, 29, 36 patient-oriented outcomes, including functional performance, 4, 36, 42, 43, 54 self-reported function, 27, 45 rates of return to play, 2 and secondary ACL injury risk. 15 Despite the clear importance of recovering quadriceps function during rehabilitation, regaining function after treatment may not always be possible, and inability to address these limitations may predispose individuals to long-term functional limitations, 49 declines in physical activity, 3 and an elevated risk of developing knee osteoarthritis. 38 Among the various methods available for assessment of quadriceps function, isometric quadriceps strength evaluation has emerged as a clinically meaningful outcome linked to specific important mid-and long-term outcomes. Isometric quadriceps strength assessment is a clinically feasible measure of quadriceps function that is highly reliable. 26 Current guidelines 14, 15, 45 recommend unilateral and limb symmetry outcome comparisons to track rehabilitation progress 27, 45, 47 during treatment and to guide return-to-play decisions in individuals with a history of ACLR. A previous systematic review 34 reported asymmetrical quadriceps strength indicating quadriceps strength deficits in the involved limb compared with the contralateral limb up to 2 years after ACLR. However, limb symmetry may overestimate quadriceps strength, 53 as it does not take into account the potential for ACLR to influence contralateral neuromuscular control, resulting in bilateral quadriceps weakness. 46 A gap exists in synthesizing the literature assessing unilateral strength outcomes in both limbs, which may help provide a more complete picture of quadriceps function, including problematic quadriceps strength deficits that may also result in the contralateral limb. The use of unilateral outcomes eliminates the potential crossover effect commonly seen in individuals with bilateral quadriceps functional impairments after ACLR 7, 21, 56 and allows for clinicians to compare strength performance of injured individuals to normative outcomes for guidance in the recovery process. Furthermore, involved limb isometric quadriceps strength is a significantly better predictor of self-reported knee function 45 and psychological readiness to return to sport 33 when compared with limb symmetry strength and is a primary focus of this meta-analysis.
Both central and peripheral adaptations significantly contribute to persistent alterations in quadriceps function after ACLR. Arthrogenic muscle inhibition and cortical sources of reduced quadriceps activation have been implicated as a primary source of persistent weakness. 17, 30, 32 These responses to local joint trauma diminish an individual's ability to voluntarily contract the quadriceps muscle via spinal and cortical pathways depending on the injury characteristics and time since surgery. 20, 32 A common approach to quantifying the magnitude of reduction in quadriceps activation after ACLR is through the measurement of central activation ratios (CARs) using a superimposed burst technique. A previous systematic review identified CAR deficits in both the involved and contralateral limbs of individuals after ACLR compared with controls. 20 This systematic review only included 4 articles assessing patients after ACLR, and these articles included heterogeneous methodology in the assessment of quadriceps strength and CAR. Many studies further exploring the underlying mechanisms contributing to quadriceps activation have since been published. Therefore, an update on the state of quadriceps activation after ACLR is necessary to reevaluate the current state of research in the topic area. The purpose of this systematic review was to compare involved limb isometric knee extension strength and quadriceps CAR with the contralateral uninvolved limb and healthy control limbs via a comprehensive analysis of the available literature. The secondary purpose of this meta-analysis was to assess the effect of participant sex and graft source on involved limb isometric knee extension strength and quadriceps CAR.
Methods

Search Strategy
An online search was performed on July 13, 2017, using Web of Science, SportDISCUS, PubMed (Medline), CINAHL (EBSCO), and the Cochrane Library and was limited to articles published after January 1, 2017. The following search terms were used: TOPIC: ((ACLR OR ACL Reconstruction) AND (quadriceps strength OR quadriceps activation OR knee extension strength or knee extension torque)). Additionally, the reference sections of relevant articles were searched and added for review if determined appropriate. After articles were retrieved from the online search and article references, a single investigator removed duplicate articles and evaluated all the article titles and abstracts deemed appropriate for inclusion.
Eligibility Criteria
Articles were included for review if they evaluated isometric knee extension strength on a machine-based dynamometer and CARs using a superimposed burst technique in individuals with a history of unilateral ACLR. Reasons for exclusion of articles included nonhuman subjects, cadavers, ACL-deficient or ACLR revision patients only, allograft tendon patients only, articles in other languages besides English, abstracts only, group treatment comparisons, contralateral surgical graft patients, use of handheld dynamometers, and nonnormalized or limb-deficit outcomes.
Reporting Quality and Publication Bias
Two investigators independently assessed the methodological quality of all articles included for the systematic review and meta-analysis through the modified Downs and Black checklist. 19 The modified Downs and Black checklist consists of 15 items and is a valid methodological assessment tool for both randomized and nonrandomized studies. 10, 19 The highest potential score was 15, with greater scores indicating higher methodological quality. Based on the summation of the scores, articles are categorized as high (≥12), moderate (10) (11) , and low (≤9) methodological quality. 19 Scores between the investigators were compared for each item of every article. If there was disagreement between scores of the 2 investigators, a third investigator made the final scoring decision.
Funnel plots were created to assess the effects of publication bias 11 on quadriceps function outcomes. The effect size (ES) comparisons of the ACLR limb and healthy control limb of relevant articles assessing isometric quadriceps strength and CARs were plotted against the total sample size. Results that were not affected by publication bias would have symmetrical plots around the pooled ES.
Data Extraction
Descriptive statistics for studies, including participant population, time since surgery, age, and joint angle during testing, were extracted and recorded in Tables 1 and 2 . Means and SDs for maximal voluntary isometric contraction (MVIC) and CAR data were extracted from each study by 2 investigators and separated by the ACLR limb (the limb that underwent ACLR), the contralateral limb (uninjured limb of ACLR participants), and limbs of healthy controls. Many of the included studies only reported 1 healthy matched limb; however, 8 articles 18, 27, 28, [30] [31] [32] 41, 52 reported bilateral data on healthy controls. These studies reported no statistical differences between limbs in the healthy group; therefore, pooled means and SDs were calculated between limbs to obtain a single representative healthy limb comparison for the outcomes of interest. Data pertaining to graft type and patient sex, when reported, were also extracted and analyzed for MVIC and CAR outcomes.
Data Analysis
Data were used to calculate weighted means, SDs, and 95% CIs accounting for study sample size for MVIC (N·m/kg) and CAR (%) outcomes of each limb. Standardized Cohen d ESs with associated 95% CIs, visually depicted via forest plots, were also calculated. Forest plots were organized by time from surgery in chronological order from top to bottom of the plot (see Figures  A1- 
Results
Literature Search
Article search results and the process of article removal are presented in the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram (Figure 1) .
The initial search obtained 2024 articles. A total of 1209 articles remained once duplicates were removed. The remaining abstracts and titles of articles were evaluated to further reduce the search to 223 articles. From these articles, 9 articles were removed because they were systematic reviews. All these systematic reviews did not include unilateral quadriceps strength outcomes in their analysis, with the exception of 1 that evaluated CAR. The reference section of the systematic review 20 that evaluated CARs in ACLR individuals was evaluated for article inclusion. A total of 120 articles were removed because they only provided isokinetic strength assessment. Nine articles were removed because they used equipment to measure isometric strength besides a machine-based dynamometer, such as a handheld dynamometer. Twelve articles were removed because they involved the comparison of outcomes of more than 1 ACLR group. Four articles were removed because they used the interpolated twitch technique to calculate CAR and not the superimposed burst technique. Three articles were removed because contralateral or healthy control comparison limb groups were not included. After full-text review, a total of 28 articles remained for evaluation.
Assessment of Methodological Quality
Based on the modified version of the Downs and Black checklist, 10 studies 5, 13, 18, 25, 28, 40, 41, 52, 55, 56 of the 28 were classified as low quality, 8 studies 4, 22, 27, 29, 36, 42, 44, 46 were classified as moderate quality, and 10 studies 9, 12, 17, 23, [30] [31] [32] 35, 37, 50 were classified as high quality. Of the articles assessed, 12% were not representative of overall clinical populations, 40% had selection bias, 36% did not identify a comparison group, 100% did not blind the assessors, 61% did not describe potential confounding variables, 9% did not adjust for potential confounders, and 73% did not report the appropriate sample size to power the study. The methodological quality for all articles included in the meta-analysis is reported in Tables 1 through 4 . (Table 6) . When comparing the contralateral limb to the healthy control limb, the combined meta-analysis effect was considered small with narrow CIs that crossed the y-axis. Two 5, 32 of the included studies demonstrated strong negative effects, 3 studies 22, 23, 50 demonstrated small effects, and 4 studies 25, 27, 28, 56 were classified as weak. Data were heterogeneous and inconsistent, as individual studies demonstrated both negative (contralateral limb MVIC smaller than healthy limb) and positive (contralateral limb MVIC greater than healthy limb) effects (Table 5) .
Knee Extension MVIC Torque
Quadriceps Central Activation Ratio
CAR weighted mean results were similar to the MVIC weighted means where the healthy control limb had the largest weighted mean CAR (93.44% ± 5.24%; 95% CI, 90.34%-96.54%) followed by the contralateral limb (90.00% ± 8.04%; 95% CI, 85.24%-94.75%) and ACLR limb (87.46% ± 9.66%; 95% CI, 82.73%-92.20%). When comparing the ACLR limb to the healthy control limb, the combined meta-analysis effect was considered strong with CIs that did not cross the y-axis. When evaluating the individual studies, 4 studies 5,31,32,44 demonstrated a strong effect, (2015) 18 (1 mo For the comparison of the ACLR to contralateral limb, the combined meta-analysis effect was considered weak, with CIs that crossed the y-axis. One study 40 demonstrated a strong positive effect, 1 study 30 had a moderate effect, 4 studies 5, 32, 35, 42 had a small effect, and 5 studies 4,17,37,46,51 had a weak effect. Data were heterogeneous and inconsistent, as individual studies demonstrated negative (ACLR limb CAR smaller than contralateral limb), positive (ACLR limb MVIC greater than contralateral limb), and zero (ACLR limb MVIC is equal to contralateral limb) effects (Table 5) .
When comparing the contralateral limb to the healthy control limb, the combined meta-analysis effect was considered moderate, with CIs that did not cross the y-axis. When evaluating the individual studies, 2 studies 5, 32 demonstrated a strong effect, 1 study 17 demonstrated a moderate effect, 1 study 46 had a small effect, and 2 studies 30, 42 demonstrated a weak effect. All but 1 study reported a negative ES, meaning that these studies observed CAR values that were lower in the contralateral limb compared with the healthy limb ( Table 6 ).
Effects of Sex and Graft Type
Only 1 study 29 reported a sex-based comparison for MVIC of the ACLR limbs between female and male participants, yielding a weak effect with wide CIs. Two studies 29, 42 reported a sex-based comparison for CAR of the ACLR limbs between female and male participants. Data were heterogeneous, as 1 study 42 demonstrated a weak positive effect while the other 29 yielded a small negative effect. The combined meta-analysis effect for these 2 studies was considered weak, with CIs that crossed the y-axis (see Table 3 ).
No study reported a direct comparison between graft types; therefore, comparisons were made between the ACLR and contralateral limbs for the individual graft types. Two studies 18, 40 reported ACLR and contralateral limb MVIC for hamstring tendon autografts. All ESs were negative and ranged from moderate to strong. The combined meta-analysis effect for these 4 studies was considered strong, with CIs that did not cross the y-axis, indicating that the ACLR limb was weaker than the contralateral limb in patients with hamstring tendon grafts. Only Table 6 . Effect sizes and 95% CIs for articles including CAR ACLR and healthy groups 1 study 40 reported ACLR and contralateral limb CAR data for hamstring tendon autografts, yielding a strong positive effect with CIs that did not cross the y-axis. Two studies 35, 52 reported ACLR and contralateral limb MVIC for patellar tendon autografts. Both ESs were negative and classified as small or strong. The combined meta-analysis effect for these 2 studies was considered moderate, with CIs that crossed the y-axis. Finally, 2 studies 35, 52 reported ACLR and contralateral limb CAR data for patellar tendon autografts. ESs were heterogeneous, with 1 demonstrating a weak positive effect and the other classified as a small negative effect. The combined meta-analysis effect for these 2 studies was considered small, with CIs that crossed the y-axis (see Table 4 ).
discussion
This analysis provides insight into the magnitude and consistency of persistent quadriceps weakness and decreased activation among individuals with a history of ACLR. The primary result of this review was that participants with ACLR consistently experience weakness and activation deficits in the involved limb compared with the control group. Quadriceps weakness was present in the involved limb compared with the contralateral limb in ACLR individuals. Although not homogeneous among all included studies, the contralateral limbs of the ACLR participants also demonstrated lesser CAR, but not strength, compared with healthy controls. Overall, these results suggest that individuals returning to ACLR continue to experience involved limb strength deficits and bilateral CAR deficits despite completion of rehabilitation and clearance from health care professionals to return to physical activity.
When comparing limb outcomes within ACLR participants and outcomes of ACLR participants compared with healthy controls, conclusive moderate ESs indicate lower knee extension MVIC in the involved limb of ACLR patients. These deficits persist across time 18, 25, 32 and may contribute to alter movement patterns for years after surgery, leading to a greater risk of developing osteoarthritis. 4 While the magnitude of this ES is only moderate, 100% of the studies pooled for analysis indicated decreased knee extension strength in the involved limb of ACLR patients compared with their contralateral limb and with healthy controls. Decreases in quadriceps muscle size 39, 40, 52 and alterations in morphology 39 appear soon after initial injury and may continue to persist for up to 6 months when many individuals return to play. These factors are hypothesized to contribute to deficits in involved limb strength. The homogeneous results of previous studies included in this meta-analysis support the need for continued focus on improving involved limb knee extension strength after ACLR.
A recent review of the literature 32 reported a 14% limb symmetry deficit between involved and contralateral limbs for up to 12 months after ACLR surgery, further supporting the results of this analysis. A limitation of limb symmetry assessment is the lack of information provided about the state of quadriceps strength in the contralateral limb. The previous limb symmetry strength review 32 provides important information about a commonly used strength outcome measure, but our analysis differs because it addresses the magnitude of differences in both limbs, especially in the contralateral limb. This analysis demonstrates heterogeneous results and low, inconclusive ESs regarding MVIC differences between the contralateral and healthy limbs. This inconclusive finding supports the drawbacks of only using symmetry-based assessment and further supports the additional use of unilateral strength-based assessments to help provide a more complete picture of quadriceps strength. While inconclusive, these results demonstrate that contralateral deficits may continue to impair some but not all individuals after ACLR. Clinicians should be aware of these potential changes and should consistently reevaluate and incorporate interventions that focus on bilateral quadriceps strength.
Individual perceptions of knee function are affected by quadriceps strength after ACLR. 27, 45 Unilateral strength is a strong predictor of self-reported knee function, and individuals with ACLR who achieve 3.0 N·m/kg of knee extension strength also report better knee-related function. 27, 45 Based on the individual studies included in this analysis, individuals with ACLR do not appear to consistently achieve satisfactory levels of quadriceps strength (3.0 N·m/kg) regardless of time since surgery (see Figure A7 in the Appendix, available online). This finding was not homogeneous, as 2 of the studies 23, 25 reported means and CIs that included the cutoff value for optimal involved limb quadriceps strength (3.0 N·m/kg). However, it should be noted that these results may differ because 1 of the studies 23 included elite athletes who consistently train at higher rates compared with the general healthy population while the other study 25 included participants who reported minimal knee-related symptoms or functional limitations after surgery, which may not be consistent with the general population. These findings indicate not only that individuals with ACLR experience decrements in involved limb quadriceps strength but that the magnitude of this decrement may be sufficient to result in persistent reductions in patient-reported knee-related function.
CAR is also altered in individuals with a history of ACLR. Our results demonstrate a moderate effect for differences in CAR between both the ACLR-involved limb and contralateral limb compared with healthy controls. This result was homogeneous for the involved limb across all studies, while all but 1 study 30 indicated a decrement in the contralateral limb compared with healthy controls. The results of this analysis are similar to a previous systematic review 20 that reported CAR deficits in the involved and contralateral limb. Bilateral deficits in quadriceps activation after ACLR are common and should be addressed during rehabilitation by creating an effective treatment targeting central activation deficits. 16 Targeting neural mechanisms through disinhibitory therapeutic modalities and exercise interventions in individuals with decreased CAR has been shown to help improve strength in individuals after surgery. 16 We attempted to evaluate the effects of patient sex and graft type on knee extension MVIC strength and CAR after ACLR. Females reported decreased subjective knee function, rates of return to sport, and engagement in physical activity compared with males. 48 Only 1 study 29 reported isometric knee extension strength comparisons, and 2 studies 29, 42 reported CAR comparisons between males and females (see Table 3 ). Both studies 29, 42 yielded heterogeneous results that were weak and inconclusive. Unlike participant sex, graft type is a modifiable surgical factor that has been shown to have effects on functional performance and patient-reported outcomes after ACLR. 1, 6 Unfortunately, none of the included studies directly compared knee extension MVIC strength or quadriceps CAR between graft types (see Table 4 ). The lack of studies evaluating patient sex and graft differences reveals a significant limitation in this analysis and a gap in the literature on isometric knee extension strength and CAR assessment. Sex and graft differences in quadriceps function may contribute to negative outcomes after ACLR, but this is only speculation, and future research should assess unilateral quadriceps strength and activation in these groups.
Based on the methodological heterogeneity of the studies, it is difficult to assess the role that surgical factors, including time since surgery, pain at time of testing, and meniscal outcomes, contribute to changes in quadriceps function. Many studies did not report these surgical factors and they could not be included in this analysis. The effect of surgical factors should be taken into consideration when designing studies assessing quadriceps function moving forward. Additionally, it should be noted that a small number of laboratories were responsible for many of the included studies and that some participants may have overlapped within studies conducted in the same laboratories. If this occurred, overlapping data extracted from these studies may not be independent of one another, which should be considered when interpreting study results. Publication bias was apparent in the analysis, as seen by the increased number of studies to the right of the pooled ES line compared with the left in Figures 2a and 2b . This asymmetrical shift indicates a trend toward a smaller ES where involved limb quadriceps function may not be different compared with the contralateral or healthy limb. One article 5 with a small sample size demonstrated that a larger ES indicated poorer involved limb quadriceps function compared with healthy or control limbs. The random-effects model meta-analysis approach was chosen to help account for factors that may contribute to heterogeneity between studies such as sample size. Replication of this work in a great number of settings would likely reduce bias and improve the generalizability of these results and testing methodology.
Regaining quadriceps function after ACLR is imperative to improve a number of physical and psychological outcomes when returning to daily life and knee function years beyond the cessation of treatment. Unfortunately, individuals with a history of ACLR demonstrate persistent decreases in involved limb quadriceps strength and activation compared with healthy controls. Quadriceps activation also remains decreased in the contralateral limb compared with controls. Factors that contribute to these changes in function are multifaceted and should be continuously assessed and addressed with evidence-based treatment approaches. A gap exists in the literature evaluating sex-based differences in quadriceps function.
Clinical Recommendations
Involved limb quadriceps function is persistently affected after ACLR. The source and functional manifestations of these impairments is multifactorial and may differ during assessment depending on the stage of rehabilitation. Unilateral and symmetry-based assessment may provide valuable evidence about the source and magnitude of quadriceps dysfunction affecting individuals with ACLR, which may help guide evidence-based rehabilitation strategies. Publication bias assessment of (a) isometric quadriceps strength 5, 11, 12, 22, 23, 25, 27, 28, 30, 31, 32, 43, 45, 49, 51, 54 and (b) central activation ratio 5, 12, 17, 28, [30] [31] [32] 41, 43, 45, 49 effect size comparisons of the anterior cruciate ligament-reconstructed limb and healthy control limb.
